G protein-coupled receptors (GPCRs) are the largest class of molecules involved in signal transduction across cell membranes and represent major targets in the development of novel drug candidates in all clinical areas. Although there have been some recent leads, structural information on GPCRs is relatively rare due to the difficulty associated with crystallization. A specific reason for this is the intrinsic flexibility displayed by GPCRs, which is necessary for their functional diversity. Since GPCRs are integral membrane proteins, interaction of membrane lipids with them constitutes an important area of research in GPCR biology. In particular, membrane cholesterol has been reported to have a modulatory role in the function of a number of GPCRs. The role of membrane cholesterol in GPCR function is discussed with specific example of the serotonin 1A receptor. Recent results show that GPCRs are characterized with structural motifs that preferentially associate with cholesterol. An emerging and important concept is oligomerization of GPCRs and its role in GPCR function and signaling. The role of membrane cholesterol in GPCR oligomerization is highlighted. Future research in GPCR biology would offer novel insight in basic biology and provide new avenues for drug discovery.
The G protein-coupled receptor (GPCR) superfamily comprises the largest and most diverse group of proteins in mammals and is involved in information transfer (signal transduction) from outside the cell to the cellular interior [1] [2] [3] [4] . GPCRs are typically seven transmembrane domain proteins (see Figure 1 ) and include > 800 members which are encoded by ∼5% of human genes [5] . Evolutionary data reveal that GPCRs and G protein signaling dates back ∼1.2 billion years, prior to plants, fungi, and animals emerging from a common ancestor [6] . GPCRs in mammals are classified into five main families, named Glutamate, Rhodopsin, Adhesion, Frizzled, and Secretin according to the GRAFS classification [7, 8] . Each of these families is characterized by long evolutionary history.
Cellular signaling by GPCRs involves their activation by ligands present in the extracellular environment, and the subsequent signal transduction to the interior of the cell through concerted changes in their transmembrane domain structure [9] . GPCRs regulate physiological responses to a variety of stimuli that include endogenous ligands such as biogenic amines, peptides, glycoproteins, lipids, nucleotides, Ca 2+ ions, and various exogenous ligands for sensory perception such as odorants, pheromones, and even photons. As a consequence, these receptors mediate multiple physiological processes such as neurotransmission, cellular metabolism, secretion, cellular differentiation, growth, inflammatory, and immune responses. For this reason, GPCRs have emerged as major targets for the development of novel drug candidates in all clinical areas [10] [11] [12] [13] . It is estimated that ∼50% of clinically prescribed drugs and 25 of the 100 top selling drugs target GPCRs [14, 15] . Yet, only a small fraction of all GPCRs are presently targeted by drugs [16] . This points out the exciting possibility that the receptors which are not recognized yet could be potential drug targets for diseases that are difficult to treat by currently available drugs. Importantly, the Nobel Prize in Chemistry in 2012 was awarded to Brian Kobilka and Robert Lefkowitz for their pioneering studies on GPCRs [17] . Figure 1 : A schematic representation of G protein-coupled receptor (GPCR) and its signaling. GPCRs are integral membrane proteins with seven transmembrane domains. A consequence of having odd number of transmembrane passes is that the amino and carboxy terminals are localized on opposite sides of the cellular membrane. The helices are often tilted resulting in compact structure due to helix-helix interaction and packing. GPCRs are activated by a wide variety of ligands that include biogenic amines, amino acids, ions, lipids, peptides, and various exogenous ligands such as odorants, pheromones, and even photons. Although the ligand shown here (in black) binds at the transmembrane region of the receptor, there are ligands that bind at the extracellular region of the receptor, depending on the receptor type. Upon binding to specific ligands, GPCRs activate heterotrimeric G proteins (consisting of , , and subunits). Activated G proteins regulate diverse signaling cascades, depending on their subtype ( s , i , q , and 12 families). As a consequence, these receptors mediate multiple physiological processes such as neurotransmission, cellular metabolism, secretion, cellular differentiation, growth, inflammatory, and immune responses. See text for more details.
Structural Biology of GPCRs: Why Is It So Difficult?
In general, crystallization efforts of membrane proteins in their native conditions are often complicated and pose considerable challenge. This is due to the intrinsic dependence of membrane protein structure on surrounding membrane lipids and the limited extramembrane portion of the protein available for crystal contacts [18] . Although the first complete X-ray crystallographic analysis of an integral membrane protein was carried out a number of years back [19] , the number of membrane proteins whose X-ray crystal structures are known is still very small and represents a small fraction (less than 1%) of all solved protein structures. Even among membrane proteins, crystallizing GPCRs poses considerable challenge. The reason for this lies in the remarkable structural plasticity displayed by GPCRs which is necessary for the functional diversity exhibited by GPCRs. The functional diversity of GPCRs is difficult to explain by a simple binary (on/off) switch model of receptor activation and is better explained by dynamic and adaptable structures [20] . Rather than functioning as toggle switches that can turn preselected linear signaling cascades on or off, GPCRs act as signaling hubs that can regulate alternative subsets of signaling modes, depending on the receptor conformations stabilized by specific ligands [21] . Data from a number of laboratories have shown that GPCRs are characterized by flexible and dynamic structures and various ligands stabilize specific receptor conformations. In this context, the term "ligand" could also include membrane lipids which have been shown to stabilize GPCRs in specific conformations [22] [23] [24] . The structural plasticity displayed by GPCRs therefore provides the platform for diverse signaling pathways in response to specific ligands and also forms the basis for the difficulty in obtaining crystal structures of GPCRs. The conformational dynamics of GPCRs is beginning to be appreciated in relation to their function [25, 26] . A useful way to visualize the structural plasticity and activation of GPCRs is through energy landscapes [20, 25] . The energy landscape provides information on protein dynamics leading to activation. Protein dynamics could span a range and could vary between local (small-scale) dynamics to relatively large-scale dynamics of protein helices. When viewed from this perspective, GPCRs represent an ensemble of conformations, each of which is characterized with a distinct energy level. Usually, X-ray crystallography is capable of capturing relatively stable conformations (structures). It should be noted here that although these represent more stable Advances in Biology 3 conformations, other conformations are equally important for understanding GPCR activation and function. A particularly attractive feature of structure determination by NMR is that it reports dynamic features and is capable of capturing less stable conformations [26, 27] .
It is for this reason that most of the early GPCR structures reported by X-ray crystallography represent inactive states stabilized by ligands such as inverse agonists [28, 29] . As mentioned above, the inherent conformational instability (flexibility) poses a problem for X-ray crystallography. This was taken care of by stabilizing the flexible regions of GPCRs (e.g., the third intracellular loop) using monoclonal antibody [30] . Alternatively, the third intracellular loop was replaced with lysozyme for stabilizing the helices (V and VI) that connect the loop with the rest of the protein [28, 31] . A more recent approach to stabilize GPCRs in an active conformation is by heterotrimeric G proteins [32] . Although the number of reported crystal structures of GPCRs is on the rise [33] , the challenge that remains is to understand how ligand binding to GPCRs is converted into a series of conformational changes leading to receptor activation and signaling. Interestingly, the structure of CXCR1 receptor in membrane bilayers has recently been reported using NMR spectroscopy without any alteration to the protein structure [34] .
Lipid Specificity of GPCRs
GPCRs are integral membrane proteins with multiple transmembrane passes. The interaction of membrane lipids with these receptors is therefore an important determinant in their structure and function [36, [41] [42] [43] [44] . In addition, it has recently been reported that the interaction between GPCRs and G proteins could be modulated by membrane lipids [45] . Importantly, the membrane lipid environment of GPCRs has been implicated in disease progression during aging [46] . Early indications on the importance of the membrane lipid environment for optimal functioning of GPCRs were evident from the adverse effects of delipidation on the function of the -adrenergic receptor [47] . The membrane lipid which has been most studied in the context of GPCR-lipid interaction is cholesterol.
Cholesterol: A Lipid Intimately Associated with GPCRs.
Cholesterol is an important and representative membrane lipid in higher eukaryotes. Cholesterol plays a crucial role in membrane organization, dynamics, function, and sorting [48, 49] . Membrane cholesterol is often found to be distributed in a nonrandom fashion in domains (or pools) in biological and model membranes [50] [51] [52] [53] . These domains are envisaged to be crucial since various cellular processes such as membrane sorting and trafficking [54] , signal transduction [55] , and the entry of pathogens [56] [57] [58] have been attributed to these types of domains. As mentioned earlier, the role of cholesterol in the function and organization of membrane proteins and receptors constitutes an emerging and exciting area of research [36, [41] [42] [43] [44] . Yet, the detailed mechanism underlying the effect of membrane cholesterol on the structure and function of membrane proteins and receptors is not clear and appears to be complex [43, 59, 60] . A possible mechanism by which membrane cholesterol has been proposed to modulate the function of membrane proteins is by a direct (specific) interaction, which could induce a conformational change in the receptor. A second possibility proposes an indirect way by altering the membrane physical properties in which the protein is embedded. Another possibility could be a combination of both.
A particular kind of proposed specific interaction is based on the concept of "nonannular" binding sites of membrane lipids in membrane proteins [60, 61] . Nonannular sites are characterized by lack of accessibility to the annular lipids; that is, these sites cannot be displaced by competition with annular lipids [62, 63] . We earlier proposed that cholesterol binding sites in GPCRs could represent nonannular binding sites whose possible locations could be inter-or intramolecular (interhelical) protein interfaces [61] . Integral membrane proteins are surrounded by a shell (or annulus) of lipid molecules denoted as "annular" lipids [64] . The rate of exchange of lipids between the annular lipid shell and the bulk lipid phase was shown to be approximately an order of magnitude slower than the rate of exchange of bulk lipids [43, 64] . In addition, it has been previously proposed that the cholesterol binding sites for Ca 2+ /Mg 2+ -ATPase [62, 65] and the nicotinic acetylcholine receptor [63] could be "nonannular" in nature. This was apparent from the analysis of fluorescence quenching of intrinsic tryptophans of membrane proteins by brominated phospholipids or cholesterol [62, 63] . The exchange of lipid molecules between nonannular sites and bulk lipids is proposed to be relatively slow compared to the exchange between annular sites and bulk lipids although this has not yet been shown experimentally. Binding to the nonannular sites is considered to be more specific compared to annular binding sites [43, 61, 64] .
Membrane cholesterol has been shown to modulate the function of a number of GPCRs [35, 36, [41] [42] [43] [44] [66] [67] [68] [69] [70] [71] [72] [73] [74] . A specific GPCR that has received a lot of attention in terms of cholesterol sensitivity of its organization, dynamics, and function is the serotonin 1A receptor [36, 42, 43] . The serotonin 1A receptor is an important neurotransmitter receptor and is implicated in the generation and modulation of various cognitive, behavioral, and developmental functions [75] [76] [77] . The agonists [78] and antagonists [79] of this receptor represent major classes of molecules with potential therapeutic applications in anxiety-or stress-related disorders. As a result, the serotonin 1A receptor serves as an important drug target for neuropsychiatric disorders such as anxiety and depression [80] .
Seminal work from our laboratory showed that membrane cholesterol plays a crucial role in the organization, dynamics, and function of the serotonin 1A receptor (reviewed in [36, 42, 43] ). This was demonstrated utilizing a variety of approaches which include (i) physical depletion of membrane cholesterol using the sterol-specific carriers such as methyl--cyclodextrin (M CD) [66, 68] , (ii) treatment with agents such as nystatin (a polyene antibiotic) [67] and digitonin (a saponin family detergent) [70] , which complex cholesterol and modulate the availability of membrane cholesterol without physically depleting it, (iii) enzymatic oxidation of cholesterol to cholestenone by cholesterol oxidase [69] , and Values are normalized to specific binding obtained in native hippocampal membranes (HM). The results show that the requirement of membrane cholesterol for the serotonin 1A receptor function is diastereospecific but not enantiospecific. Adapted and modified from [35] . See text for more details.
(iv) metabolic inhibition of cholesterol using biosynthetic inhibitors such as statin [72] and AY 9944 [71] . The common message emanated from these experiments was clear: nonavailability of membrane cholesterol, rather than the manner in which its availability is modulated, is crucial for receptor function. How specific is the requirement of cholesterol for receptor function? This was assessed by replacing cholesterol with its immediate biosynthetic precursors, 7dehydrocholesterol and desmosterol, both differing with cholesterol merely in an additional double bond. The fine stringency of cholesterol requirement for receptor function was apparent from the fact that these close biosynthetic precursors could not support receptor function [71, [81] [82] [83] . The degree of stringency was recently explored further by examining whether stereoisomers of cholesterol (entcholesterol and epi-cholesterol) could support receptor function. ent-Cholesterol is the enantiomer of cholesterol which is a nonsuperimposable mirror image of cholesterol. epi-Cholesterol, on the other hand, is a diastereomer and is not a mirror image of cholesterol. ent-Cholesterol, but not epi-cholesterol, shares identical physicochemical properties with cholesterol. Results showed that while ent-cholesterol could replace cholesterol in supporting the function of the serotonin 1A receptor, epi-cholesterol could not [35] (see Figure 2 ). In other words, the requirement of membrane cholesterol for the serotonin 1A receptor function is diastereospecific, yet not enantiospecific. Interestingly, membrane cholesterol has been shown to be vital in improving serotonin 1A receptor stability under conditions of thermal deactivation, extreme pH, and proteolytic digestion [24] . This is supported by receptor modeling studies which show that the serotonin 1A receptor is more compact in the presence of tightly bound cholesterol [23] which could contribute to receptor stability [24] . Taken together, these results indicate that the molecular mechanism for the requirement of membrane cholesterol in maintaining the function of the serotonin 1A receptor could be through specific interaction, although global bilayer effects may not be completely ruled out [84] . ((a)-(c)) are reproduced from [36] with permission from Eureka Science Ltd. (d) depicts the dimer interface in the crystal structure of metabotropic glutamate type 1 (mGlu 1 ) receptor. Six bound cholesterol molecules (shown in green) are observed on the extracellular side of helices I and II of two monomers (shown in cyan and orange) of the mGlu 1 receptor involved in the dimer formation. Surface and stick presentations of the residues participating in receptor-cholesterol and receptor-receptor interactions are shown. Reproduced from [37] , with permission from AAAS. See text for more details.
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Membrane cholesterol has been shown to be important in improving the stability of the 2 -adrenergic receptor [22, 29] and appears to be necessary in the receptor crystallization [28] . Importantly, the 2 -adrenergic receptor enjoys ∼48% amino acid similarity with the serotonin 1A receptor in the transmembrane region [23] . Such similarity in the transmembrane region could contribute to the cholesterol sensitivity in the function of the 2 -adrenergic receptor. In agreement with this, we recently showed that adrenergic signaling is enhanced upon cholesterol depletion in cardiac myocytes [73] .
An important common feature observed in recently solved high resolution crystal structures of GPCRs (such as rhodopsin [85] , 1 -adrenergic receptor [86] , 2 -adrenergic receptor [28, 29] , A 2A adenosine receptor [87] , and metabotropic glutamate type 1 receptor [37] ) is the close association of cholesterol molecules to the receptor (see Figure 3 ). These recent crystal structures of GPCRs have enhanced our understanding of the role of membrane cholesterol in GPCR structure and function.
Cholesterol Binding Motifs in GPCRs.
As mentioned above, an emerging feature in recently solved high resolution crystal structures of GPCRs is the presence of closely associated cholesterol molecules [28, 29, 37, [85] [86] [87] (Figure 3) . Interestingly, several structural motifs of proteins and receptors have been postulated to induce preferential association with cholesterol [43, 88] . These motifs include CRAC 6 Advances in Biology (cholesterol recognition/interaction amino acid consensus) motif [89, 90] , CCM (cholesterol consensus motif) [29] , SSD (sterol-sensing domain) [91, 92] , and CARC (inverse CRAC) motif [93] . Out of these, the CRAC motif is characterized by the presence of the sequence -L/V-(X) 1-5 -Y-(X) 1-5 -R/K-, in which (X) [1] [2] [3] [4] [5] represents between one and five residues of any amino acid [90] . We recently reported the presence of CRAC motifs in representative GPCRs such as rhodopsin, the 2 -adrenergic receptor, and the serotonin 1A receptor (see Figure 4 ) [38] . In addition, CRAC motifs have been reported in human type 1 cannabinoid receptor [94] . Importantly, all these receptors have been shown to exhibit membrane cholesterol sensitivity for their function. Long time scale MARTINI coarse-grain molecular dynamics simulations have recently validated high occupancy of cholesterol at some of the CRAC sites in the serotonin 1A receptor [39] . We have previously shown that CRAC motifs are inherent characteristic features of the serotonin 1A receptor and are conserved over natural evolution [38] . Recently, an inverted CRAC domain (termed CARC) has been reported in which the CRAC sequence is oriented in the opposite direction along the polypeptide chain [93] . The CARC motif is present in several GPCRs and the nicotinic acetylcholine receptor and is found to be conserved over natural evolution among the members of the acetylcholine receptor family [93] . SSD represents another important cholesterol interacting domain that consists of five transmembrane segments and is reported to be involved in cholesterol biosynthesis and homeostasis [91, 92] . Yet another cholesterol binding site consisting of four amino acids was identified in a crystal structure of the 2 -adrenergic receptor and termed as CCM [29] (see Figure 3(b) ). The location of CCM in the crystal structure of the 2 -adrenergic receptor is between transmembrane helices I, II, III, and IV with two cholesterol molecules bound per receptor monomer (Figure 3(b) ). Interestingly, a similar site was found in the serotonin 1A receptor and was shown to be conserved over natural evolution [61] .
Sphingolipids and GPCR Function.
Sphingolipids are essential components of cellular membranes and represent diverse and dynamic regulators of a variety of cellular processes. Sphingolipids are relatively abundant in the plasma membrane compared to intracellular membranes [95] . They are involved in the regulation of cell growth, differentiation, and neoplastic transformation via participation in cell-cell communication [96] . The distribution of sphingolipids in the cellular membrane appears to be heterogeneous, and it has been proposed that sphingolipids, along with cholesterol, localize in laterally segregated lipid domains (sometimes termed as "lipid rafts") [97] [98] [99] . Many of these domains are believed to be important for the maintenance of cell membrane structure and function, although analysis of the spatiotemporal resolution of these domains has proved to be challenging [100, 101] . Recent evidence suggests that sphingolipids, along with cholesterol, play a crucial role in organization, dynamics, and function of GPCRs [102] [103] [104] [105] [106] [107] . Importantly, we recently reported a putative sphingolipidbinding domain in the serotonin 1A receptor which partially overlaps with CRAC domain in transmembrane domain II of the receptor [108].
GPCR Oligomerization and Drug Discovery
An emerging topic of research is oligomerization of GPCRs and the possible role of oligomerization in GPCR function and signaling [109] [110] [111] [112] [113] . Yet, studying oligomerization of GPCRs has proved to be challenging. The potential implications of such oligomerization are far reaching, particularly in the context of GPCRs as major drug targets [114] [115] [116] . GPCR oligomerization facilitates an increased crosstalk between receptors via homo-and/or heterodimers as well as higherorder oligomers [112, 115, 117] . Interestingly, membrane lipids have recently been implicated in the modulation of GPCR oligomerization [116] [117] [118] .
GPCR oligomerization has been widely studied utilizing fluorescence resonance energy transfer (FRET) methods such as hetero-FRET in live cells [110] . It turns out, however, that hetero-FRET is often associated with a number of inherent complications, arising from the use of receptors conjugated to two different probes and the lack of control in their relative expression levels [119] [120] [121] . Hetero-FRET measurements are performed utilizing two different fluorophores with sufficient spectral overlap. In case of heterologously expressed proteins, the expression levels of the tagged proteins may vary (giving rise to artifactual bystander FRET [121] ), making intensitybased hetero-FRET measurements difficult to interpret. These factors have limited the usefulness of hetero-FRET in studies of GPCR oligomerization. In contrast to hetero-FRET, homo-FRET represents a better approach. Homo-FRET is a simpler variant of energy transfer since it takes place between identical fluorophores and therefore requires only a single type of fluorophore. Homo-FRET depends on the inverse sixth power of separation between interacting fluorophores on the nanometre scale and is therefore sensitive to protein oligomerization. The excitation and emission spectra of fluorophores exhibiting homo-FRET should have considerable overlap. In addition, homo-FRET gets manifested by reduction in fluorescence anisotropy [122] . Another serious limitation of hetero-FRET measurements is the lack of ability to distinguish dimers from higher order oligomers. Fortunately, homo-FRET measurements can provide an estimate of higher order oligomerization [117, 123, 124] .
The presence of constitutive oligomers of the serotonin 1A receptor in live cells was demonstrated utilizing photobleaching homo-FRET [117] . This was shown from the observed increase in fluorescence anisotropy upon progressive photobleaching of the serotonin 1A receptor tagged to enhanced yellow fluorescent protein (EYFP). The fluorescently tagged serotonin 1A receptor has previously been shown to be essentially similar to the native receptor [125] . Analysis of the difference between the extrapolated and the predicted fluorescence anisotropy upon photobleaching revealed the presence of constitutive oligomers of the serotonin 1A receptor in cells [117] . These results were supported by analysis of receptor oligomerization by time-resolved fluorescence anisotropy decay [118] .
In a very recent work, it has been shown by MARTINI coarse-grain molecular dynamics simulations that the composition of the helical interface (i.e., helices at the interface) of Advances in Biology   7   Rhodopsin   TMD VII  TMD V  TMD I  TMD III  TMD Figure 4 : Putative cholesterol recognition/interaction amino acid consensus (CRAC) motifs in human GPCRs. (a) CRAC motifs in transmembrane domains (TMD) of representative GPCRs such as rhodopsin, 2 -adrenergic receptor, and serotonin 1A receptor. The position of the starting amino acid residue in the respective CRAC sequence is denoted in parentheses. (b) A schematic representation of the human serotonin 1A receptor with its topological and other structural features. The membrane is shown as a bilayer of phospholipids and cholesterol, representative of typical eukaryotic membranes. The putative CRAC motifs are highlighted (in yellow) (adapted from [38] ). Coarse-grain molecular dynamics simulations have validated high occupancy of cholesterol at some of the CRAC sites [39] . See text for other details. Figure 5 : Membrane cholesterol modulates the dimer interface of the 2 -adrenergic receptor. Coarse-grain molecular dynamics simulations show that the receptor dimerization is modulated by membrane cholesterol content. With increasing membrane cholesterol, the transmembrane helices of the 2 -adrenergic receptor that comprise the dimer interface, display variation. At low membrane cholesterol, the dimer interface is mainly composed of transmembrane helices IV and V. Interestingly, at high membrane cholesterol, the dimer interface consists of transmembrane helices I and II. These results imply that dimer plasticity, induced by varying membrane cholesterol content, is potentially useful in drug development. Data obtained from [40] . See text for more details.
the dimer for the 2 -adrenergic receptor could vary depending on membrane cholesterol content [40] (see Figure 5) . At low membrane cholesterol content, the dimer interface is mainly composed of transmembrane helices IV and V of each monomer. At high membrane cholesterol, the dimer interface consists of transmembrane helices I and II from each monomer. A progressive change in the dimer interface is observed with increasing concentration of membrane cholesterol. These results demonstrate dimer plasticity induced by varying cholesterol content in the membrane and have potential implications in drug development. Interestingly, cellular cholesterol is known to be developmentally regulated and its content increases with aging [126, 127] . This could imply that the organization of GPCR oligomers could be age-dependent. The efficacy of a specific drug, designed to target a GPCR dimeric interface, could therefore change with the process of aging.
Conclusion and the Road Ahead
GPCRs represent one of the evolutionarily conserved families of membrane receptors dating back more than a billion years [6] . In contemporary biology, GPCRs occupy a unique crossroad. GPCR structural analysis allows a deeper understanding of membrane protein folding leading to cell signaling. On the other hand, they are the major players of intercellular communication throughout the human body and thereby they control diverse physiological functions ranging from blood pressure, neuronal activity to reproduction. Although GPCRs represent the most predominant therapeutic targets, a large fraction of the GPCR receptorome remains unexplored from both basic biology and drug discovery perspectives [128] . It has been estimated that ∼150 GPCRs are orphan receptors whose endogenous ligands and functions are not yet known. These orphan receptors would be very useful and could act as targets for future drug discovery. In that sense, GPCRs represent a meeting ground where biology meets medicine. With increasing evidence of specific lipid binding sites in GPCRs [38, 108] , mutational analysis of the amino acid residues involved in such interactions, followed by functional and organizational analyses of the receptor, is likely to provide a better understanding on specific lipid dependence of the receptor function. Such progress in deciphering molecular details of the nature of this interaction in the membrane, coupled with emerging structural details of active receptors from X-ray crystallography and NMR, would lead to better insight into our overall understanding of GPCR function in health and disease.
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